To assess the validity of inducing ototoxicity in rats by applying a sponge soaked in kanamycin and furosemide on the round window. STUDY DESIGN: Basic, randomized, nonblind experimental study. SETTING: Animal models of cochlear damage and reliable methods of local drug delivery are fundamental to study hearing loss and to design new therapies. SUBJECTS AND METHODS: Four experimental groups of six Wistar rats with different methods of drug administration were used: (1) injection of subcutaneous kanamycin (400 mg/kg) and intravenous furosemide (100 mg/kg); (2) local application of a sponge soaked in saline close to the round window; (3) animals for which the sponge was soaked in a solution containing kanamycin (200 mg/mL) and furosemide (50 mg/mL); and (4) sham-operated rats. The tympanic bulla was exposed using a ventral approach, and a bullostomy was performed to visualize the round window membrane. Cochlear function was assessed by measuring the auditory brainstem response, and hearing thresholds in response to click and tone burst stimuli were determined as peak and interpeak latencies. At the end of the study, cochlear histology was analyzed. RESULTS: Systemic administration of kanamycin and furosemide induced profound hearing loss and severe hair cell damage. Local delivery of these ototoxic drugs caused comparable damage but avoided the systemic side effects of the drug. Sham-operated and saline control animals did not experience functional alterations. CONCLUSION: Situating a sponge soaked in kanamycin and furosemide on the round window membrane through the ventral approach is a reliable method to provoke local ototoxicity in rats.
S ensorineural hearing loss is a common condition that seriously adversely affects quality of life. Age, noise, ototoxic drugs, and genetic defects are common causes of deafness, ultimately produced by damage to sensory hair cells, which do not regenerate in mammals. No curative treatments are available for hearing loss, and several therapies are currently under research, including growth factors; antiapoptotic, anti-inflammatory or antioxidant drugs, aimed at promoting cell survival and preventing permanent cell damage; and stem cells to renew damaged hair cells. 1 Reproducible and reliable animal models of local cochlear damage are needed to evaluate the effectiveness of new therapies, as well as to develop surgical techniques for local cochlear drug delivery. Systemic administration of high doses of ototoxic substances, mainly aminoglycosides, damages both ears and is limited by its adverse effects and by the potentially misleading actions of the drugs on other organs. By contrast, local administration minimizes secondary effects and allows cochlear damage to be induced in a single ear, leaving the contralateral ear as an intra-animal control.
Although not well characterized in genetic terms, rodents such as guinea pigs and chinchillas have been the preferred models to study local aminoglycoside-induced hearing loss, mainly because their size and anatomical characteristics facilitate cochlear surgery. 2, 3 By contrast, the rat genome has been sequenced and it presents important anatomical and physiological similarities to humans. 4 The classical retroauricular surgical technique described in guinea pigs is difficult to perform in rats because of their smaller size and deeper position of the tympanic bulla, increasing the risk of cochlear damage during surgery. 5, 6 Therefore, the ventral approach is likely to be a more conservative surgical procedure in this species. 7, 8 However, transtympanic administration of ototoxic drugs without delivery systems does not ensure that reproducible doses reach the round window, and usually multiple injections are required to induce measurable damage. 9 The use of vehicles such as gelatin or fibrin sponges placed on the round window should provide more reproducible patterns of damage. 10 Here we present an experimental model of local ototoxicity in rats through the ventral approach to the tympanic bulla and direct application of kanamycin and furosemide to the round window using a gelatin sponge as the vehicle. This surgical method was compared with systemic injection of the same drugs. Hearing function was assessed by measuring auditory-evoked potentials; cochlear histology was also performed to evaluate inner ear damage.
MATERIALS AND METHODS

Animal Handling and Experimental Design
The study was carried out on male Wistar rats (8 weeks old, 250-300 g) distributed in four experimental groups. In the first group, six rats were systemically injected with kanamycin and furosemide and three others were injected with saline. Group 2 included six sham-operated control rats (2a), six rats in which a saline-soaked gelatin sponge was placed on the round window membrane (2b), and six in which a sponge soaked in the ototoxic drugs was placed on the round window membrane (2c). The animals were sacrificed at the end of the study and the cochlear histology analyzed. The animals were controlled according to recommendations of the Federation of Laboratory Animal Science Associations on health monitoring, animal care, and the administration of substances. All experiments complied with local and European legislation regarding animal use and experimentation, and they were approved by the CSIC (Consejo Superior de Investigaciones Científicas) Animal Care and Use Committee.
Surgical Procedure
The rats in group 2 were anesthetized by intraperitoneal injection of ketamine (Imalgene, Merial, Spain; 100 mg/kg), xylazine (Rompun 2%, Bayer, Spain; 10 mg/kg), and buprenorphine (Buprex, Shering-Plough, Spain; 0.01 mg/kg). After loss of the withdrawal reflex, rats were placed on a heated pad, their neck-hair was shaved, and the skin was cleaned with antiseptic. The surgical procedure to expose the round window was adapted from previous reports, 7, 8 and was performed on the right ear using a magnifying glass (Leitz Wild M715, Switzerland), leaving the left ear as an intra-animal control. A longitudinal incision was made from the mandibular angle to the tip of the sternum. The subcutaneous flap was raised and a surgical field with the masseter muscle, sternocleidomastoid muscle, and submandibular gland was visualized. The submandibular gland was retracted medially and the digastric muscle exposed, sectioning and elevating the posterior insertion of this muscle to reveal the bony tympanic bulla, the main trunk of the facial nerve, and the hypoglossal nerve ( Fig 1A) . A bullostomy was performed at the posterolateral aspect using a small hook, and the opening was widened with otologic microforceps. At this point, the round window and the stapedial artery became clearly visible ( Fig 1B) and the soaked sponge could be placed on the round window. The bullostomy was closed with dental cement, the soft tissues were put back in place, and the skin was sutured with silk.
Drug Administration
Systemic ototoxicity was provoked by injection of kanamycin (400 mg/kg body weight [BW]) in subcutaneous tissue and furosemide (100 mg/kg BW) into the caudal vein. This procedure was first described in the guinea pig using ethacrynic acid 11 or furosemide 12 as the loop diuretic, and it was later adapted to mice, producing the loss of almost all cochlear cells. 13 For local ototoxicity, a highly concentrated solution of kanamycin (200 mg/mL, Fagron Ibérica, Spain) and furosemide (50 mg/mL, Fluka) was prepared in 0.1 M phosphatebuffered saline (PBS) by gently heating and stirring, adding 1 N NaOH until the solution reached pH 8.5. This procedure enabled higher concentrations of ototoxic drugs to be obtained than that commercially available. Gelatin sponge was soaked in 50 L of this solution (ie, 10 mg kanamycin and 2.5 mg furosemide) and located close to the round window.
Evaluation of Auditory Function
Auditory function was evaluated by recording auditory brainstem responses (ABR) with a TDT evoked potential workstation (Tucker-Davis Technologies, Alachua, FL), as reported previously. 14 Briefly, rats were anesthetized by intraperitoneal injection of ketamine and xylazine, and they were placed on a heated water-bed (Gaymar, NY) in a sound-proof cage. Three electrodes were positioned subcutaneously in standard positions. 14 Two different sound stimuli-click (0.1 ms) and tone burst (5 ms duration, 2.5 ms rise and decay with no plateau)-were generated with TDT SigGenRP software and delivered with an open field tweeter at a rate of 30 and 50 stimuli per second, respectively. ABR were recorded after 1000 repetitions of each stimulus in 5to 10-dB increments from 90 to 20 dB SPL. The auditory thresholds, the peak latencies (PL) of I to V, and the interpeak latencies (IPL) were determined after click stimulation. Audiograms were obtained from ABR thresholds for tone burst stimuli (4, 8, 16, 28 , and 40 kHz), thus providing information about the condition of the organ of Corti in different regions from base to apex. Hearing function was evaluated at the beginning of the study and one week after surgery. Rats with an initial threshold above 35 dB SPL were excluded.
Histopathology
The cochleas were removed two weeks after surgery, as described previously. 14 Briefly, the rats were deeply anesthetized with sodium pentobarbiturate (Vetoquinol, Spain) and then transcardially perfused with four percent paraformaldehyde (Merck, Darmstadt, Germany) in pH 7.5 0.1 M PBS. After extracting the temporal bones, the cochlea was dissected out and placed in fresh fixative for 12 hours. The cochleas were then washed with PBS, decalcified in a chemical bone decalcifier (Eurobio, Paris, France), and paraffin embedded. Sections (5 m) were obtained parallel to the modiolus with an RM2155 Leica microtome and stained with hematoxylin-eosin. The cochlear morphology and cytoarchitecture were studied on a Zeiss Diaplan microscope coupled to a Leitz digital camera (Leitz DFC300 FXC).
Statistics
Nonparametric tests (Kruskal-Wallis, Mann-Whitney U test) were performed using SPSS 15.0 software (SPSS, Chicago, IL). The data are presented as the mean Ϯ SD, and the results were considered significant at P Ͻ 0.05.
RESULTS
Systemic Treatment with Kanamycin and Furosemide Causes Profound Deafness and Large-Scale Hair Cell Loss
At the beginning of the study, there were no significant differences in any of the ABR parameters analyzed among the four experimental groups; hearing threshold in response to click stimulus was ϳ30 dB SPL (31 Ϯ 3 dB SPL).
A single injection of subcutaneous kanamycin and intravenous furosemide induced a significant severe hearing loss in all the animals of group 1 (P Ͻ 0.01). Half the animals (3/6) experienced a mean threshold shift of ϳ50 dB SPL (48 Ϯ 12 dB SPL) one week after injection. No evoked responses were detected in the other three rats that received a systemic injection, even at maximal stimulation (a hearing threshold Ͼ90 dB SPL) ( Table 1) , and thus, these animals were not used for click threshold and peak latency determination. The ABR thresholds in response to 4-to 40-kHz tone burst stimuli were also significantly shifted after systemic injections when compared with the baseline values (P Ͻ 0.01, n ϭ 3) (Fig 2) . In addition, the peak I latency (PL I) increased by approximately 0.25 ms after systemic injection when compared with baseline measurements (P Ͻ 0.05, n ϭ 3). This delay spread along the auditory pathway, but it did not significantly affect the IPLs I-II and II-IV, suggesting that the damage was restricted to the cochlea rather than affecting the central auditory pathway (Table 2) . A parallel group of three rats systemically injected with saline had no differences in the parameters studied at any time point (data not shown). As expected, the morphological analysis demonstrated an almost complete loss of hair cells in the organ of Corti, with signs of a flat epithelium (see Fig 3A, from a rat treated locally with saline, and Fig 3B, from a rat treated systemically with kanamycin and furosemide). There was also an appreciable loss of neurons in the spiral ganglion all along the cochlear turns (data not shown).
High mortality rates were observed with this protocol, especially when the intravenous injection was performed with the animal under general anesthesia.
Ventral Bullostomy Does Not Affect Hearing
Hearing function was not significantly affected by the surgical procedure described. In the sham-operated group, mean ABR thresholds one week after surgery were similar to that at the baseline, in response to click stimulus (31 Ϯ 2 dB SPL, n ϭ 6) ( Table 1 ) and pure tones in the 4-to 40-kHz range (Fig 2) . Likewise, other parameters were not significantly altered, including the PLs and IPLs (Table 2) , as well as the morphology of the organ of Corti and spiral ganglion (data not shown).
Similarly, the ABR parameters in rats in which a salinesoaked sponge was placed on the round window did not differ from those of the controls, indicating that the presence of the delivery vehicle did not significantly affect hearing thresholds or latencies (Tables 1 and 2) . Indeed, no significant differences were noted between the basal audiograms in response to frequencies from 4 to 40 kHz and those obtained after bullostomy (Fig 2) . Accordingly, the surgical procedure did not produce obvious alterations in cochlear cytoarchitecture or appreciable hair cell or neuron loss in the spiral ganglion ( Figs 3A and D) .
Local Administration of Kanamycin and Furosemide Causes Hearing Loss and Hair Cell Damage
Similar effects to those achieved with systemic injection were obtained with lower doses of locally administered ototoxic drugs. Based on existing pharmacological data regarding the inner ear, 15, 16 it was estimated that five percent to 10 percent of the systemic dose of kanamycin and furosemide would induce similar cochlear damage (ie, 20 and 5 mg/kg BW, respectively). Considering the small volume of the tympanic bulla in rats 17, 18 and the mean body weight of these animals, the gelatin sponge was soaked in 50 L of a highly concentrated solution of kanamycin (200 mg/mL) and furosemide (50 mg/mL) in PBS-NaOH (pH 8.5). This solution was specifically prepared for this purpose as it was not available commercially.
A significant threshold shift of ϳ30 dB SPL (P Ͻ 0.01, n ϭ 6, group 2c, baseline 32 Ϯ 3 and postsurgery 63 Ϯ 12 dB SPL) was caused when bullostomy was followed by the application of a concentrated solution of kanamycin and furosemide to the round window (Table 1) . Similarly, local ototoxic treatment caused a significant threshold shift at all the frequencies studied (P Ͻ 0.01, n ϭ 6), which was particularly evident in the evoked response to middle-and high-frequency stimuli (16 to 40 kHz) (Fig 2) .
Further multiple statistical comparisons of the mean hearing thresholds indicated that one week after surgery there were significant differences in the threshold values of rats that received the ototoxic drugs locally when compared with either the sham-operated (group 2a) or sham-operated plus saline treatment (group 2b) animals (P Ͻ 0.01, n ϭ 6). When compared with systemic injection, local administration of kanamycin and furosemide induced a significantly lower threshold shift (P Ͻ 0.01, n ϭ 6). By contrast, ABR thresholds in response to tone burst stimuli did not differ significantly between systemic and locally treated rats at the frequencies analyzed. Thus, local administration of ototoxic drugs produced less severe but consistent cochlear damage than that caused by the systemic injection.
Local ototoxic drug administration increased all the PLs and IPLs (Table 2 ). There were statistically significant differences for PL I (P Ͻ 0.05, n ϭ 6) and PL II (P Ͻ 0.01, n ϭ 6) but not IPL I-II and IPL II-IV before and after the Table 2  Peak and interpeak latencies   Group  Moment  PL I  PL II  PL III  PL IV  PL V  IPL I-II  IPL II- procedure, indicating that the damage was caused mostly in the peripheral auditory pathway. The number and disposition of the inner hair cells (IHC) and outer hair cells (OHC) of rats in group 2b was typical of the organ of Corti (Fig 3A) , and the neuron-packing density at the spiral ganglion was normal ( Fig 3D) and similar to that in sham-operated rats (not shown). By contrast, the basal turn was severely degenerated in cochlear sections from group 2c rats with no IHC and OHC, and there was a complete collapse of the tunnel of Corti ( Fig 3C) similar to that observed in group 1 animals ( Fig 3B) . Damage to the middle and apical turns varied among individuals and ranged from the loss of OHC to the complete loss of hair cells (data not shown). There was also a decrease in the neuronal packing density in the spiral ganglion of rats from group 2c, with enlarged intercellular spaces ( Fig 3E) .
DISCUSSION
Damage of otic hair cells by ototoxic drugs has been studied in different animal models with the aim of understanding the molecular mechanisms underlying hearing and deafness, and to develop tools for the future study of new therapeutic agents. Here we describe the functional and morphological traits of two complementary rat models of ototoxicity: systemic injection and local application to the round window of the ototoxic drugs kanamycin and furosemide. A ventral surgical approach was performed to gain access to the rat round window, following and adapting previously published procedures. 7, 8, 10, 19 We confirmed that this surgical approach preserves auditory function, as assessed by ABR evaluation, and cochlear morphology, and that it is associated with low rates of morbidity and mortality. Most clinical studies involving direct round window administration have been performed with gentamicin, due to its ready pharmacological availability and vestibulotoxic rather than cochleotoxic effects. However, the aim of this study was to develop an animal model of cochlear damage, and therefore, two substances with clear cochleotoxic effects were selected. In combination with the loop diuretic furosemide, the aminoglycoside kanamycin produces bilateral and symmetrical degeneration of the cochlear sensory epithelia, followed by degeneration of cochlear neurons in guinea pigs and Swiss and CBA/Caj mice. 12, 13, 20 Here we showed that a single injection of subcutaneous kanamycin (400 mg/kg BW) and intravenous furosemide (100 mg/kg BW) also caused severe hearing loss and cochlear damage in Wistar rats. However, systemic administration of ototoxic drugs at high doses is usually associated with increased mortality rates and secondary effects.
Once the cochleotoxic effect of systemic administration of this combination of drugs to rats was confirmed, the effects of local administration were explored. Intracochlear administration of drugs to animal models has typically been addressed by using two alternative delivery methods: direct injection through the round window membrane or cochleostomy and intracochlear infusion. Because both procedures have been associated with surgical trauma, inflammation, and hearing loss, the development of a less invasive delivery method was recommended, such as the ventral technique described here. This surgical approach was complemented with the use of a gelatin sponge, an efficient system for local drug administration that presents many advantages over systemic or transtympanic administration. 10 This technique favors the direct and sustained contact of the ototoxic substance with the round window membrane and it maintains the ototoxic drugs in the tympanic bulla, avoiding the loss of solution through the eustachian tube. Another advantage of this procedure over systemic administration is that cochlear damage is restricted to one ear, preserving the contralateral inner ear as an intra-animal control. Although we do not yet know the pharmacokinetics of the ototoxic drug-delivery system described, the data obtained suggest that the drugs are readily and rapidly accessible to the cochlea and that they may more directly affect the basal turns close to the round window. Apical turns are also usually damaged, but in some animals, IHCs and the tunnel of Corti remained intact, in accordance with the weaker effect at low frequencies in the audiograms.
In summary, systemic administration of kanamycin and furosemide produced a profound hypoacousia, coupled with large-scale cochlear damage and severe cellular defects. Therefore, this method provides a paradigm for cellular replacement studies. Alternatively, application of a kanamycin-and furosemide-soaked sponge directly on the round window produced moderate to severe hearing loss and hair cell damage, evident in the basal and medial turns of the cochlea. In addition, this method did not produce systemic toxicity and it preserved the contralateral ear as an intra-animal control. This protocol represents a paradigm closer to that observed in clinical practice and, as such, it could be useful to study the mechanisms underlying cell death and cell repair, as well as the benefits of growth factor or gene therapy. 1 
